Extensions of the Standard Model often come with additional, possibly electroweakly charged Higgs states, the prototypal example being the Two-Higgs-Doublet Model. While collider phenomenology does not exclude the possibility for some of these new scalar fields to be light, it is relatively natural to consider masses in the multi-TeV range, in which case the only remaining light Higgs boson automatically receives SM-like properties. The appearance of a hierarchy between the new-physics states and the electroweak scale then leads to sizable electroweak corrections, e. g. in the decays of the heavy Higgs bosons, which are dominated by effects of infrared type, namely Sudakov logarithms. Such radiative contributions obviously affect the two-body decays, but should also be paired with the radiation of electroweak gauge bosons (or lighter Higgs bosons) for a consistent picture at the one-loop order. Resummation of the leading terms is also relatively easy to achieve. We re-visit these questions in the specific case of the fermionic decays of heavy Higgs particles in the Next-to-Minimal Supersymmetric Standard Model, in particular pointing out the consequences of the three-body final states for the branching ratios of the heavy scalars. *
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The degeneracy among the states forming an SU (2) L multiplet is lifted by the electroweak symmetry breaking, so that the mass-squared differences among the partners of a scalar doublet are expected to be of the order of M 2 Z . Therefore, in scenarios of a THDM where one doublet mass is much larger than the electroweak scale, actually four Higgs bosons have almost degenerate large masses and approximately organize as an SU (2) L doublet, while one Higgs boson is automatically endowed with SM-like properties, thus making it a good candidate for explaining the signals observed by the ATLAS and CMS collaborations-provided its mass falls within the suitable interval at ∼ 125 GeV. This setup fulfills the conditions of the decoupling limit [63] and the decays of the heavy Higgs bosons into SM final states tend to be dominated by the fermionic channels: the couplings of the heavy states to a pair of electroweak gauge bosons vanish (approximately for the CP-even Higgs), because the doublet formed by the heavy states is orthogonal to that generating the electroweak-symmetry-breaking vacuum expectation value (v.e.v.); in addition, the decays into a SM-like Higgs plus an electroweak gauge boson are also suppressed, because the decoupling states are approximately partners of one another under the electroweak gauge group, and not of the SM-like Higgs;
1 finally, Higgs-to-Higgs decays are suppressed in the limit of heavy initial states-the triple Higgs coupling of electroweak size implies a suppression ∼ M Z /M h , where M h represents the mass of the initial Higgs boson. On the other hand, at least some of the fermionic decays are expected to be unsuppressed, depending on the type of THDM. For a type II framework, the standard search channels at the LHC thus involve tau-onic final states, while the bb or tt decays are actually sizable but suffer from the QCD background. The decays of singlet-dominated states are more difficult to characterize generically. A pure singlet could only decay radiatively into SM final states. In general, the decays of mostly singlet-like states into SM particles are thus dominated by their subleading doublet components-therefore their bosonic decays, e. g. into light Higgs bosons, are not necessarily suppressed. Below, we focus on the fermionic decays for simplicity, but the procedure can be generalized to bosonic final states as well.
It was observed in Ref. [59] that the decays of heavy new-physics Higgs states into SM particles could receive sizable radiative corrections beyond the well-known QCD effects [64, 65] . It is desirable to control such corrections for a better characterization of the expected signals at colliders and a more quantitative implementation of associated limits. At the LHC, the expected reach does not exceed masses of ∼ 2 TeV [66] . However, already for masses in the TeV range, so-called electroweak Sudakov double logarithms (where g 2 represents the gauge coupling, and M V and M h ∼ 1-2 TeV denote the masses of the gauge and heavy Higgs bosons respectively) attain the level of ∼ 10%.
The main purpose of this paper consists in analyzing the electroweak corrections to the two-body fermionic decays of heavy Higgs bosons, and their interplay with three-body decays involving the radiation of an electroweak gauge boson. The noteworthy difference compared to the case of QED and QCD corrections is that the radiation of massive electroweak gauge bosons leads to clearly distinguishable final states, as opposed to soft and collinear photons and gluons. The corresponding decays could thus be measured separately and there is no justification on the theoretical side for considering only inclusive decay widths (summing over two-body decays and the corresponding ones with radiated W, Z): therefore the potentially large Sudakov double logarithms are experimentally accessible effects that are expected to reduce the branching fractions of the two-body decays. In any case, from order-counting it appears mandatory to take the three-body final states into account if one wants to perform a consistent analysis of the branching ratios for two-body decays of heavy Higgs bosons at the full one-loop order. To our knowledge, such effects have not been considered in the NMSSM (or the MSSM) yet, and we expose here how we implement these channels in view of a future inclusion within a version of FeynHiggs [67] [68] [69] [70] [71] [72] [73] [74] dedicated to the NMSSM [59, 75, 76] .
In the following section, we discuss the formal aspects of our evaluation of the two-and three-body decays, emphasizing the possibility to capture most of the electroweak corrections within a simple resummation of Sudakov double logarithms [77] . We then illustrate the numerical impact of the electroweak corrections in a scenario with heavy SUSY sector and focusing on doublet-dominated Higgs bosons in the initial state. Finally, Sect. 4 summarizes our achievements.
Higgs decays into SM fermions in the NMSSM
In this section, we summarize the main theoretical ingredients entering the decays of heavy Higgs bosons into SM fermions. We follow the notations of Refs. [59, 76] .
Two-body decay width
Decay of the Higgs bosons at one-loop order: automated calculation
We already described our full one-loop implementation of the two-body fermionic decays of neutral Higgs bosons in Ref. [59] . For the sake of completeness, we summarize the main ingredients in the following:
• We rely on the automated calculation of FeynArts [78, 79] , FormCalc [80] and LoopTools [80] , using the model file (and renormalization scheme) presented in Ref. [76] .
• External Higgs fields are upgraded to on-shell fields using the transformation matrix Z mix that is determined by the LSZ reduction, see Ref. [76] . The mixing of the external Higgs leg with the electroweak neutral current is processed diagrammatically, and we subtract gaugeviolating effects of two-loop order that appear due to the difference between the (kinematical) loop-corrected Higgs mass and the tree-level mass, see Ref. [59] . The fermion fields are renormalized on-shell.
• The virtual QCD and QED corrections are processed separately and combined with the real-radiation contributions in order to define an infrared (IR)-finite correction factor [64, 65, 81] describing the inclusive fermionic width (with radiated gluons and photons in the final state). The QCD logarithms are absorbed within the definition of running Yukawa couplings evaluated at the scale of the decaying Higgs:
where Y f represents the relevant Yukawa coupling absorbing QCD logarithms; c QCD and c QED represent the QCD and QED correction factors-see e. g. Eq. (2.12) of Ref. [59] .
• The leading SUSY corrections amount to contributions to effective dimension 4 Higgsfermion operators. They are explicitly extracted in the SU (2)-conserving limit and rearranged so as to provide a resummation of the tan β-enhanced effects, see Refs. [39, [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] ; a linearized (non-resummed) version is subtracted from the actual one-loop diagrammatic calculation in order to avoid double counting.
• The full one-loop corrections (excluding the QED and QCD corrections) to the Higgsfermion vertex are derived automatically from our model file. However, we subtract gaugeviolating effects of two-loop order through a re-definition of the Higgs-Goldstone couplings by a shift of one-loop order, as explained in section 2.1 of Ref. [59] .
Obviously, the two-body decays of the charged Higgs can be implemented in a similar fashion. In particular:
• The external charged Higgs field and its mass are renormalized on-shell, thus requiring no normalization factor. The mixing with the electroweak charged current is processed diagrammatically.
• The QCD and QED corrections are factorized out and combined with the real radiation process. The QCD-correction factor is well-known [94] . The QED contribution is somewhat more involved, due to the initial state being electrically charged. We compute this correction factor by considering separately the virtual piece as well as the soft and hard radiation. For the hard radiation, we explicitly take the limit m b → 0. For simplicity, we only provide the leading logarithmic terms for H − → bt below:
where e represents the electric charge, Q t,b the fermion charges, m γ the photon-mass regulator, and Ω IR the IR cut on the photon energy.
• Non-QCD and non-QED one-loop diagrams are calculated with our automated procedure.
Below, we denote the decay widths that are derived in this automated fashion at fixed order as Γ FO , while the Born results read Γ Born . As we wish to focus on the electroweak corrections, we will in practice consider a scenario with decoupling (heavy) SUSY particles. In this context, the SUSY corrections essentially reduce to their contributions to the dimension 4 effective operators and we thus fully factorize them as corresponding to a short-distance effect. In this procedure, however, also the SUSY contributions to the Higgs wave function-i. e. intervening in the normalization of the Z mix matrix-need to be extracted accordingly. This effective tree-level width, including SUSY corrections, is later denoted as Γ eff . Then, in Ref. [59] , we kept the term of the squared one-loop amplitude in the definition of the width: this was justified in the case where one-loop contributions dominate over the tree-level result. However, the electroweak corrections that we study below are essentially proportional to the tree-level amplitude, meaning that they would be suppressed together with it. In this case, the full one-loop squared term is actually misleading, since its impact can be substantially altered by the inclusion of the interference of the amplitude of two-loop order with the tree-level one. We thus discard this term, keeping only a squared one-loop amplitude for those contributions that are not proportional to the tree-level term (and subleading in the channels that we are considering).
Electroweak double logarithms
In this one-loop evaluation of the two-body fermionic decays of heavy Higgs bosons, several pieces of the radiative corrections beyond the QCD and QED contributions can matter, in general. However, in the limit of heavy SUSY spectra, most of the SUSY-related corrections are logarithmic and can be captured within effective Yukawa couplings, as mentioned above. As can be observed e. g. in Fig. 1 of Ref. [59] (by comparing the green and red curves), this effective description, which works reasonably well for a light Higgs, still leaves out sizable one-loop effects for a heavy state. These remaining one-loop contributions (reaching ∼ 10% for the 1 TeV states of Fig. 1 of Ref. [59] ) are associated with electroweak corrections. Below, we explain how most of these relatively large effects can be easily put under control.
The sizable electroweak contribution originates in the hierarchy between the heavy Higgs state and the light particles entering in the loops, which results in large logarithms of Sudakov type. In particular, for gauge interactions we expect to find double logarithms ∼ g
). The diagrams leading to double logarithms in the example of h i → bb are displayed in Fig. 1 and include two topologies:
1. the well-known fermion-fermion-vector triangle:
the associated loop-function contributes ∼ 1 2
) at the double-logarithmic order;
2. the fermion-scalar-vector triangle: under the condition that the internal scalar is almost degenerate with the external Higgs, the loop function contributes ∼ − 1 4
In our case, one cannot rely on the popular evaluations of the double-logarithmic coefficient presented in Refs. [11, 77] , amounting to a sum of the quantity
over the external legs-where I, Y , Q represent the isospin, hypercharge and electric charge of the external state, t w and s w denote the tangent and sine of the electroweak mixing angle; the Q 2 term subtracts the QED contribution that is considered separately. The reason why this formula fails is simply that one of the (electroweakly charged) external states, the Higgs line, is massive, actually determining the center-of-mass energy.
Contributions to h i → bb leading to double logarithms.
For a doublet state h i or H ± in the decoupling limit, the electroweak partners of the external Higgs bosons are indeed always almost degenerate with the external state and it is easy to extract the Sudakov double logarithms explicitly (with g 1,2 the electroweak couplings; for H − → tb, the subscripts t, b refer to the pieces of the width that are proportional to the squared Yukawa couplings Y
Here again, the terms ∝ e 2 simply correspond to the QED corrections, which are subtracted since they are separately processed as a long-distance effect. We stress that the double-logarithmic corrections always interfere destructively with the tree-level amplitude, thus leading to a systematic reduction of the two-body decay width.
For a singlet-dominated state, the situation is somewhat more subtle. If the mass of this Higgs boson is far from that of other Higgs states, then the fermion-scalar-vector triangle does not produce double-logarithms for lack of a degenerate electroweak partner of the external state. In this case, the double-logarithmic terms coincide with the formula of Eq. (2.3), applied to the fermionic final states (one being left-handed, the other right-handed). However, if the singlet finds itself accidentally in the window of mass degeneracy with the doublet states, then the fermion-scalarvector topology is relevant, together with possibly substantial doublet-singlet mixing.
For Higgs masses in the range of a few TeV, we expect electroweak corrections to remain at the level of ∼ 10%: this is still perturbative and there is no deep call for resumming these corrections. This only becomes necessary if one desires to extend the result to masses as high as O(100) TeV. On the other hand, it is remarkable that the leading double-logarithmic terms can be controlled at all orders. Such a resummation also allows us to define an effective tree-level result capturing the bulk of the radiative effects. The resummation of double logarithms can be performed by considering the IR behavior of the matrix element, see Ref. [77] : it eventually amounts to exponentiating the double-logarithmic coefficient obtained at the one-loop order. We stress that there is no complication from the separate treatment of the QED effects at the considered order. We can define the 'electroweakly improved' Born width Γ EW as
In the CP-violating case, there is no difficulty in processing the scalar and pseudoscalar components separately, since the corresponding operators do not interfere.
Single logarithms
While we expect the double logarithms to represent the numerically largest piece of the electroweak corrections, it is relatively easy to extract single logarithms as well. The latter originate in the vertex corrections of Fig. 1 , but also in the counterterm and wave-function normalization Z mix . Obviously, they depend on the chosen scheme, i. e. the definition of the tree-level Yukawa couplings. In our 'on-shell' definition and with the renormalization scale of the loop functions set to m t ∼ M Z (following the prescriptions of FeynHiggs), we obtain the following terms for the decays of doublet states (neglecting Y 2 τ ):
We note that the terms proportional to gauge couplings cancel out (between the vertex contributions and the Higgs wave-function correction), leaving only terms proportional to the Yukawa couplings. The single logarithms are both of ultra-violet (UV) and IR origins. A resummation would disentangle both types, attributing the UV logarithms to the running of the parameters.
In practice, however, we observe that
, so that constant pieces compete with the single logarithms, making a resummation of the latter superfluous.
'Improved' width
We schematically summarize the expression of the 'improved' prediction of the two-body decay widths with resummed Sudakov double logarithms and factorized SUSY corrections by the following equation:
where Γ Born , Γ eff , Γ QCD+QED and Γ FO have already been defined above. The shift ∆Γ DL is obtained directly from the width Γ FO that is derived from the automated calculation at fixed order by substituting the loop functions with the associated double logarithms. In Eq. (2.7), the two subtracted terms in the square brackets avoid double counting between the 'tree-level improved' width Γ eff exp ∆Γ DL /Γ Born and the full fixed-order one-loop width Γ FO .
Real radiation Full calculation
From the perspective of order-counting, the three-body decay widths at the tree level are of the same order as one-loop corrections to the two-body decays. For a full one-loop evaluation of the total widths (and branching ratios) of the Higgs bosons, it is thus mandatory to include these channels in the analysis. If we restrict ourselves to non-SUSY final states, the only possible relevant three-body final states involve the radiation of gauge bosons or light Higgs bosons. The radiation of photons and gluons was actually already taken into account above, hence included within the two-body decay widths. Using FeynArts and FormCalc, we perform the calculation of the widths at the tree-level order for the following channels:
We stress that contrarily to the radiation of photons and gluons, these final states are clearly distinguishable from the fermionic two-body channels, so that there is no deep reason to consider (only) inclusive decay widths from a theoretical perspective.
The kinematical integral can be performed (e. g.) in the rest frame of the fermion pair in the final state. There, only two steps of integration are non-trivial, one applying to an 'angular' variable, the other to the invariant mass-squared s of the fermion pair. We perform the angular integral analytically, while that on s is carried out numerically. The internal lines are systematically regularized by inserting the total width Γ of the corresponding particles in the propagators. These 'internal' widths are calculated from the sum of all relevant two-body processes at the tree level.
Having set up the calculation in this way, the leading terms in the squared amplitudes scale
V . This would lead to the unphysical situation where the three-body decay widths grow faster than the two-body widths, and eventually dominate the decays. However, these contributions linear in M 2 h /M 2 V sum up to zero as long as the heavy Higgs doublets decouple from the electroweak sector. For the sake of not spoiling the physical interpretation, it is thus paramount to preserve these decoupling properties of the heavy Higgs states at the level of the loop-corrected Higgs-mixing matrix.
On-shell contributions
When an internal line can be exchanged on-shell, the corresponding contribution near the pole (after dismissing the quadratically growing terms discussed above) is dominated by the narrowwidth approximation. In this case, a piece of the three-body width is already accounted for at the level of the two-body widths. Therefore, we subtract such on-shell contributions explicitly. This step is performed by evaluating the two-body widths and branching ratios that intervene in the considered process at the tree level. It is crucial that the full widths that are employed as regulators in the internal lines are computed at exactly the same order as these intermediate two-body widths.
We note that the narrow-width approximation tends to overestimate the contribution from the on-shell pole M : this can be easily understood by comparing the lorentzian distribution and its limit for Γ → 0,
Consequently, the subtraction of the on-shell contributions can result in an apparent negative width (as long as the Sudakov terms remain subleading), which, however, should be interpreted as a correction applying to the two-body width.
In addition, we expect the radiation of electroweak gauge bosons and Higgs bosons to produce Sudakov double and single logarithms again, when compared to the corresponding two-body width at the Born level. It is useful to extract them explicitly.
Double logarithms
The double logarithms are associated with the radiation of electroweak gauge bosons. The topologies leading to Sudakov logarithms are summarized in Fig. 2 
As expected, these double logarithms exactly cancel with those of Eq. (2.4) for a given initial state. This means that the sizable shift associated with double logarithms affects the exclusive two-body decay widths, but not the inclusive one (including radiation of W and Z) or the total one. If we adopt the perspective of a resummation of Sudakov double logarithms beyond three-particle final states, we can define the electroweak-radiation width Γ EW rad for a very massive Higgs boson in the initial state in terms of the quantities intervening in the two-body decays:
This object resums the radiation of W and Z bosons, as well as additional photon emission at higher orders related to the mixing of abelian and non-abelian parts in the electroweak gauge group (see Ref. [77] ), that is associated with the two-body width Γ Born . 
Single logarithms
The single logarithms originate in electroweak radiation processes but also in Higgs-radiation processes. For the electroweak piece, we find the following terms for doublet-like states:
We note that, for a given initial state, if we add the electroweak single logarithms arising in the two-body decays given in Eqs. (2.6) and those appearing in the three-body decays in Eqs. (2.11), we recover the electroweak logarithms expected from the one-loop RGEs of the Yukawa couplings, up to two pieces:
• the logarithms associated to QED contributions, corresponding to the terms in e 2 , are processed in the QED-correction factor and are thus subtracted from the full electroweak contribution;
• the logarithms associated to the Higgs wave function exactly cancel the electroweak single logarithms from the vertex corrections to the two-body decays: we recover the logarithms of the RGEs only if we subtract the logarithms from the Higgs field normalization (the latter correspond to the RGEs of the Higgs fields).
This result is physically intuitive: as in the case of QCD corrections, only logarithms of UV type remain at the level of the inclusive width, hence matching what is expected from the anomalous dimension of the operator mediating the decay. It would thus be possible to absorb these logarithms in a version of the Yukawa couplings including the electroweak running. However, this would hold only at the level of the inclusive width, while for the exclusive widths individual logarithms of IR type would have to be subtracted again. In order to count the logarithms associated to the emission of light Higgs bosons in the decays of a heavy Higgs state, we can consider the radiation of a SM-like Higgs boson and that of a light singlet-dominated state separately. The radiation of a heavy doublet-like state is kinematically forbidden (or suppressed) in general: it would only be relevant for the decays of an even heavier singlet state. For the radiation of a SM-like Higgs boson from a heavy-doublet initial state, the relevant topologies are those where the light Higgs emerges from a fermion line. Indeed, the topologies with a triple-Higgs or a Higgs-vector coupling are always suppressed, because either the coupling itself leads to a suppression factor of electroweak size, or the mixing angles vanish due to the decoupling limit, or the couplings of a singlet-dominated scalar with SM fermions are small. Then, at the numerical level, the radiation of a SM-like Higgs is mostly relevant in association with a top-quark line, since the coupling to lighter fermions is suppressed in proportion with their masses. Correspondingly, we obtain the following leading logarithms:
The radiation of a light singlet by a heavy doublet state is dominated by the topology with a triple-Higgs coupling, with the internal line possessing a mass close to that of the decaying state. The couplings between heavy doublet states and a singlet are typically of the order of √ 2 λ µ eff . Thus the radiation of a singlet-like Higgs provides an unsuppressed logarithm if this coupling fulfills the condition
Inclusive three-body width
Our automated calculation provides us with each individual three-body width Γ 3b , from which the on-shell contributions have been subtracted. We then define a total width for all the three-body decays. In order to resum the double logarithms consistently with Eq. (2.7), we schematically define the inclusive three-body width as
where the last term inside the curly brackets avoids double counting between the resummed piece (first two terms inside the curly brackets) and the diagrammatic calculation (last term). In calculating Γ 3b , we include a rescaling of the widths following the QCD and QED corrections of the associated two-body decay. In particular Yukawa couplings are run to the scale of the decaying Higgs. In addition, we also take the short-distance effect of SUSY particles into account. These corrections are formally of higher order but have a sizable numerical impact. In particular, the use of 'naive' Yukawa couplings would make the three-body widths almost systematically larger than their two-body counterparts. The correspondence of electroweak logarithms on both sides, the two-body and three-body decays, serves us as a guideline as to the proper definition of the tree-level couplings employed in the three-body calculation.
Numerical Analysis
In this section, we present the consequences of the electroweak corrections to the fermionic decays at the numerical level. Below, we focus on the heavy doublet states in a scenario with decoupled SUSY sector (masses of the order of 100 TeV). The parameter tan β is kept at the intermediate value 10 while λ = κ 1. We then vary the mass of the charged Higgs, also controlling that of the heavy CP-even and CP-odd doublet states h 2 and h 4 , between 1 TeV and 100 TeV. While the physical relevance of this scenario-e. g. with respect to the Hierarchy Problem-can be questioned, it is entirely meant to clearly exemplify the impact of the electroweak corrections in extensions of the SM based on a THDM structure. The plots in the column on the right-hand side correspond to the charged-Higgs decay H + → tb. We display the decay widths in the first row, whereas they are normalized to Γ eff in the second row for a better appreciation of the magnitude of the effects. The blue curve represents the prediction for Γ eff , the effective tree-level width including short-distance corrections of SUSY particles as well as long-distance effects from QCD and QED. The green solid curve additionally accounts for the Sudakov double logarithms while the green dashed curve also evaluates the impact of single logarithms and constant terms. The orange curve is the full one-loop evaluation at fixed order obtained from the diagrammatic calculation. For the red curve we combine a resummation of the double logarithms with this full one-loop evaluation, according to Eq. (2.7). In the case of H + → tb, the green dashed curve is hidden by the red one.
Two-body decay width
We first consider the decay width into final states including (anti)quarks of the third generation for heavy doublet-like states in the scenario presented above. In Fig. 3 , we plot these decay widths against the mass of the charged Higgs M H ± (we recall that .7)) in red. In the second row, we show the same estimates normalized to Γ eff . The left-hand side focuses on the decay channel h 2 → bb of the CP-even doublet-like state h 2 , while the column on the right-hand side considers H + → tb. The effects are largely comparable in both cases. As expected, the impact of the electroweak corrections reaches O(10%) for M H ± ∼ 1 TeV and almost 50% at M H ± ∼ 100 TeV. While the tree-level-improved width, including the resummed double logarithms (green solid curve), gives a good qualitative approximation, it is still ∼ 5% off as compared to the full result. The agreement can be further refined if we account for the single logarithms and constant terms (green dashed curve; considering only the single logarithms would lead to an approximation of intermediate quality). Obviously, the resummation of Sudakov double logarithms only yields an appreciable effect beyond M H ± > ∼ 10 TeV, as the red and orange curves remain comparatively close below this mark. It only amounts to O(5-10%) beyond.
Three-body widths
Now, we turn to the three-body decays. In the upper row of Fig. 4 , we show the widths of the three-body channels h 2 → W − tb (left) and H + → W + bb (right) in the same scenario as in Fig. 3 . The orange curve corresponds to the full three-body width, while the contribution from on-shell intermediate particles (in particular t → W + b) is shown in green. The resulting genuine three-body contribution (beyond the two-body approximation) is shown in red and corresponds to the piece dominated by Sudakov double logarithms. We observe that this off-shell component (we continue to use this terminology below) is sizable and of competitive magnitude as compared to the two-body widths.
In the lower row of Fig. 4 , we display the off-shell component of the three-body widths for the various relevant three-body channels (restricting ourselves to top and bottom quarks in the final state). Their sum is displayed in red. We observe that these contributions roughly reach the magnitude of the electroweak effects in the two-body width, corresponding to the difference between the blue and red curves in Fig. 3 . We also stress that the three-body contribution is not of negligible size as compared to the two-body widths, so that we expect a sizable impact at the level of the branching ratios.
From the IR nature of the leading off-shell effects, one can expect the (off-shell) three-body widths to exhibit soft and collinear characteristics. We illustrate this fact in Fig. 5 for the channel h 2 → W − tb, with the three cases M h 2 ≈ 1 TeV (green), 10 TeV (orange) and 100 TeV (red). The differential cross-section is shown in the upper row, in terms of the energy of the W boson E W (left), and in terms of the angle between the W and the b antiquark θ W b (right), in the rest-frame of the Higgs boson. We observe that the differential cross-section peaks at lower values of E W ∼ 100-200 GeV as well as at θ W b ∼ 0 (collinear W andb) or π (collinear W and t, or collinear t andb). In the lower row of Fig. 5 , we show how much of the off-shell three-body ) and H + → (t → W + b)b); the red curve corresponds to the genuine threebody contribution beyond the two-body approximation (difference of the orange and green curves). Bottom: the various three-body contributions beyond the two-body approximation, considering only top and bottom quarks in the final state; the various channels with radiation of a gauge boson are displayed in shades of blue; radiation of a SM-like Higgs boson is shown in shades of green; the red curve corresponds to the sum of all these individual channels. 0.8 decay width can be actually observed when requiring a minimal energy of the radiated W (left), or when requiring angular separations of θ 0 ∈ [0, π/2] between all the particles in the final state (in the rest-frame of the decaying Higgs; plot on the right): while the width depends only weakly on the energy cutoff as long as the initial state is very heavy, up to 40% of the signal could be lost with an angular cut of 20 • ≈ 0.35 for M h 10-100 TeV. Thus, these three-body decays may be experimentally challenging. In particular, the part of the signal that produces collinear pairs with a W boson and a b quark could be misinterpreted as originating in an on-shell t. On the other hand, a collinear t-W pair is unlikely to be mistaken for an on-shell b. The exact boundary between two-body and three-body decays on the experimental side would probably require a dedicated analysis, which goes beyond the scope of this paper.
The impact of the resummation of double logarithms can be observed on Fig. 6 . The green curve corresponds to the approximation of the inclusive three-body widths that can be inferred from the Sudakov double logarithms of the two-body channels h 2 → tt, bb, τ + τ − (left) and H + → tb, τ + ν τ (right). It is roughly comparable with the result obtained from a direct calculation of the three-body channels (orange curve). The red curve implements Eq. (2.13). That this curve is somewhat below the green and orange ones can be expected from its definition: if we expand the exponential term in Eq. (2.13), it is obvious that we are adding a negative contribution from the Sudakov resummation to the widths obtained through explicit calculation.
In these estimates of the three-body widths, we stress that (as our educated guess) the same QCD and QED correction factors as in the two-body widths are applied, in particular with QCD-running Yukawa couplings at the scale of the mass of the decaying Higgs. While these effects are formally of higher order, they have a sizable numerical impact on the widths. At M h 2 ≈ 100 TeV for example, the QCD running represents a correction factor of about 1/4, meaning that, evaluated with 'pole' Yukawa couplings, the three-body widths would dominate the two-body channels instead of being comparable. Yet, the QCD×EW order is in principle not under control in our calculation, meaning that the large difference between the widths obtained from 'pole' and 'running' Yukawa couplings should be interpreted, strictly speaking, as a contribution to the theoretical uncertainty. Fig. 4 , but also including the leptonic channels) is shown in orange. In green, we present the double-logarithmic approximation derived from the Sudakov double logarithms of h 2 → tt, bb, τ + τ − ; in red, we combine the fixed-order calculation and the resummation of double logarithms.
Branching ratios
The Higgs branching ratios are often more helpful quantities than the decay widths, as they are more easily accessible experimentally. The three-body decays then affect all decay channels through their intervention in the full Higgs widths. We stress that the final states including the radiation of electroweak gauge bosons and Higgs bosons are clearly distinguishable from the two-body final states and that counting e. g. W − tb as a bb event is only weakly motivated from an experimental perspective. 2 We thus define the branching fractions as actual ratios of the two-body decay widths by the total width.
We continue to consider the decoupling scenario that has been presented before and show the results in Fig. 7 . The following three approximations are displayed: in green, only the QCD/QEDcorrected widths Γ eff (together with the factorized SUSY effect) are included, thus dismissing the electroweak corrections; the orange curves are obtained by considering the two-body widths Γ imp at the full one-loop order, but no three-body channel is counted in the total width (thus amounting to an incomplete one-loop result); in red, we add the three-body decay widths in the total width, thus achieving a consistent prediction of the two-body branching fractions at the full one-loop order. In all these evaluations, the fermionic decays are implemented as described in Sect. 2, including in particular the resummation of Sudakov double logarithms. In addition, the two-body decays into the gauge bosons of the SM are incorporated at the (improved) one-loop order, as defined in Ref. [59] . The decays involving final states with electroweak gauge bosons are suppressed at the tree level in the decoupling limit, so that corrections of Sudakov type play a negligible part in radiative effects (dominated by the fermion loops). All other two-body decays are included at the tree level, in particular the suppressed h 2 → V h 1 or h 2 → 2 h 1 channels (decays into SUSY particles are kinematically forbidden in the scenario under consideration).
On the left-hand side of Fig. 7 , in the upper row, we first display the total widths of the heavy CPeven state for the three considered approximations: the one-loop corrections to the two-body decays (orange curve) lead to a suppression of the total width (as compared to the effective treelevel order, in green), consistent with what was observed in Fig. 3 , and mainly driven by the Sudakov double logarithms of Eq. (2.4). Nevertheless, the inclusion of the three-body decays (red) approximately restores the magnitude of the (QCD/QED-corrected) tree-level total width: this is an expected result, due to the cancellation of the double logarithms between the two-and threebody decays. On the right-hand side, we show the branching ratio BR h 2 → bb , i. e. that of the naively dominant decay channel of the CP-even state. We observe that this quantity is suppressed, as compared to the tree-level prediction, by the decrease of the two-body width (orange line) but even more so by the inclusion of the three-body decays in the total width (red line). The impact of the one-loop corrections to the two-body decays is only at the percent level, while that of the inclusion of the three-body decays in the total width is of order ∼ 10% at M h 2 ≈ 1 TeV and reaches ∼ 30% at M h 2 ≈ 100 TeV. This can be easily understood when considering that the total width in the strict two-body approximation is suppressed in about the same proportion by the double logarithms as Γ h 2 → bb (its leading contribution): therefore, we expect little difference between the green and orange curves. On the contrary, when we include the three-body decays, the total width is approximately restored to its effective tree-level value, so that BR h 2 → bb becomes sensitive to the suppression of the associated decay width through double logarithms.
In the second row of Fig. 7 , we turn to the leptonic decays h 2 → τ + τ − (left) and H + → τ + ν τ (right) as the typical search channels at proton-proton colliders. Contrarily to what we observed in the case of BR h 2 → bb , the prediction for BR[h 2 → τ + τ − ] that is exclusively based on oneloop-corrected two-body widths (orange) is not suppressed, but enhanced. Indeed, in this ap- Top left: total width of the CP-even state h 2 at the (QCD/QED/SUSY-corrected) tree-level order (green), considering only the two-body decays at one-loop order (orange), and including also the three-body decays (red). Top right: branching ratio of the CP-even state h 2 into bb. Bottom left: branching ratio of the CP-even state h 2 into τ + τ − . Bottom right: branching ratio of the charged state H + into τ + ν τ . The branching ratios are derived at the same orders as the total widths, i. e. employing only (QCD/QED/SUSY-corrected) effective widths (green), considering only the two-body decays at the one-loop order (orange), and finally, including also the three-body decays (red).
proximation, the total width, dominated by h 2 → bb, receives a larger suppression as compared to the width of h 2 → τ + τ − : the effect amounts to less than ∼ 5% depending on M h 2 , and the green and orange curves show the same behavior-and so do they in the case H + → τ + ν τ . However, the estimate at the full one-loop order (i. e. including the three-body decays; in red) shows the opposite trend. Again, as the three-body channels restore the magnitude of the total width to approximately its original effective value, there cannot be an associated enhancement any longer. On the contrary, the branching fractions become sensitive to the suppression of the tau-onic widths via Sudakov effects. Consequently, the discrepancy with the two-body approximation is sizable, amounting to about ∼ 10% at M h 2 ≈ 1 TeV and reaching ∼ 30% at M h 2 ≈ 100 TeV.
This short study shows that it is in fact misleading to assume that the one-loop corrections at the level of the two-body widths are sufficient to provide predictive branching ratios at the full one-loop order. We actually observe little difference with the effective tree-level in this approximation, while the inclusion of the three-body decays generates a sizable shift.
Conclusions
In this paper, we have emphasized the impact of the electroweak radiative corrections on the decays of heavy Higgs states. Focusing on the specific case of fermionic decays in the NMSSM, we have shown that such contributions are dominated by effects of IR type, namely Sudakov double logarithms, which could have a sizable impact on the magnitude of the two-body decay widths. This structure also provides a grasp on the electroweak corrections of higher order, since the leading double logarithms can be explicitly resummed.
In addition, we have stressed the relevance of three-body decay channels for a consistent evaluation of the total widths and branching ratios at the full one-loop order. The IR effects of the two-body widths are indeed mirrored by double logarithms in the radiation of electroweak gauge bosons, whereas the emission of light Higgs bosons only contributes at single-logarithmic order. Contrarily to the radiation of gluons and photons in QCD/QED, the radiation of electroweak gauge bosons leads to clearly distinguishable final states (due to the explicit IR cutoff fulfilled by the mass of the gauge bosons) and, in any case, the definition of an inclusive width is non-trivial (e. g. due to the flavor changes associated to emissions of W bosons). On the other hand, the off-shell three-body signals exhibit the expected soft and collinear characteristics that could make them difficult to extract experimentally.
Numerically, the inclusion of the three-body decays largely compensates the suppression of the two-body widths associated to electroweak effects, resulting in an approximately stable total width when simultaneously including or discarding the electroweak virtual corrections and real emissions. As a consequence, the branching ratios into two-body final states are fully sensitive to the suppression of the two-body widths associated to the double-logarithmic effects. We insist upon our conclusion that an estimation of the total Higgs widths and the branching ratios at the one-loop order solely from the loop-corrected two-body widths fails to capture the actual impact of the electroweak corrections.
In this work, we have focused on final states with SM fermions, since they are the expectedly leading decay channels of heavy doublet-like Higgs bosons involving SM particles in the final statebosonic decays are suppressed in the decoupling limit. However, the main ingredients that we have discussed here also apply in alternative scenarios, e. g. decays into bosonic or SUSY final states. Indeed, three-body channels always need to be considered in parallel with one-loop corrections for a consistent order-counting and the Sudakov effects are always expected to emerge in electroweak corrections as long as there exists a hierarchy between the mass of the decaying Higgs (center-ofmass energy) and the decay products. However, these effects are only significant if the born-level amplitude itself is unsuppressed. By lowering the scale of the SUSY spectrum such that heavy Higgs bosons can decay into (comparatively) light pairs of neutralinos, charginos or sfermions, we should thus again recover sizable Sudakov corrections and relevant three-body decay widths in these channels with SUSY final states.
